1 The liver is one of the attractive targets for these vectors, since it synthesizes a myriad of proteins that play pivotal roles in metabolism or hemostasis.
Retroviral vectors are the most commonly used gene transfer vehicles for various cell types. 1 The liver is one of the attractive targets for these vectors, since it synthesizes a myriad of proteins that play pivotal roles in metabolism or hemostasis. 2 One of the major limitations to achieving successful gene therapy in the liver with retroviral vectors is the low level of transgene expression. 3 Although a variety of promoters were examined and used as internal promoters of the vectors, [4] [5] [6] cisacting elements in LTRs of various viruses have not been studied in detail especially in hepatocytes. In the present report, we have systematically compared the activities of retroviral cis-acting elements located in the U3 region of the long terminal repeats (LTRs).
A series of chloramphenicol acetyltransferase (CAT) reporter gene plasmids were constructed, which contained the U3 regions of spleen focus-forming virus (SFFVp), 7 Myeloproliferative sarcoma virus (MPSV), or from a combined hepatocholangiocarcinoma (KMCH-1 15 ). In differentiated hepatocellular carcinoma cell lines (HuH-7 and PLC/PRF/5), expression of the reporter gene, CAT, by the SFFVp U3 was the highest among those by the U3 regions of various retroviruses and was more than eight-fold higher than that by MoMLV U3 (Figure 1a ). On the other hand, remarkable difference of CAT expression was not observed in other types of liver tumor cell lines (Figure 1a) . Strength of the SFFVp U3 promoter was further compared with a commonly used strong promoter of a cytomegalovirus IE1 gene (CMVp). The expression of CAT by pSF-CAT (SFFVp U3) was about 30% of that by pCMV-CAT, in which the PCMV U3 region of pPCMV(BX)/MLV-CAT was replaced by CMVp ( Figure 1b) . These results indicated that the promoter activity of the SFFVp U3 was fairly high and that it provided the strongest cis-activity among these viruses especially in differentiated hepatocellular carcinoma cell lines.
In hematopoietic 16 and spermatogenic cells, 17 the high gene expression mediated by the SFFVp U3 was, at least in part, controlled by the Sp1 binding site in the 5Ј flanking region of the direct repeat (DR) and the core motif in the SFFVp U3. However CAT activities were not reduced in PLC/PRF/5 cells by introducing the mutation which 
(a) The reporter gene plasmids, pMoMuLV-CAT, pMP-CAT, pSF-CAT and pPCMV(BX)/MLV-CAT contain the U3 regions of the LTRs of MoMLV, MPSV, SFFVp and PCMV, respectively. 9,19,22 (b) Nearly the whole region of the PCMV U3 within pPCMV(BX)/MLV-CAT was replaced by CMVp of pcDNA3.1(+) (Invitrogen, Groningen, The Netherlands) to obtain pCMV-CAT. Expression of CAT was assessed in PLC/PRF/5 cells. (c) Mutations were introduced into the plasmid, pSF-CAT, using Quik Change Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA, USA) and expression of CAT was assessed in PLC/PRF/5 cells. (d) Reporter plasmids containing chimeric LTRs of SFFVp and MoMLV were schematically shown. Region A contained nearly the whole 5Ј flanking sequences of the DR. Regions B and C correspond to the DR and the 3Ј flanking region of the DR, respectively. pMMM-CAT and pSSS-CAT contained the U3 regions of the MoMLV LTR and the SFFVp LTR, respectively. pSMM-CAT, pMSM-CAT and pMMS-CAT contained chimeric LTRs. Expression of CAT was assessed in PLC/PRF/5.
destroyed the Sp1 binding site (GGGCGGG -> GGGGGGG, pSF-CAT/mutSP1) or the core motif in the first repeat of the DR (TGCGGTG -> TGCTAGG, pSF-CAT/mutCore) (Figure 1c ). These results indicated that retroviral expression could be controlled by the different mechanism(s) from hematopoietic or spermatogenic cells. To examine which region of the SFFVp LTR is important for the high expression, another series of reporter gene plasmids was constructed, which contained chimeric LTRs of SFFVp and MoMLV. The 5Ј flanking region of the DR, the DR or the 3Ј flanking region of the DR of pMoMuLV-CAT were replaced by the corresponding regions of the SFFVp U3 in pSMM-CAT, pMSM-CAT or pMMS-CAT, respectively ( Figure 1d ). As shown in Figure 1d , pMMS-CAT, in which the 3Ј flanking sequences of the DR of MoMLV was replaced by that of SFFVp, showed the highest CAT expression among these chimeric LTRs. These results suggested that the 3Ј flanking region of the SFFVp DR might be important for strong cis-activity in hepatocytes.
On the basis of the results of transient CAT expression assays, we tested the expression of a marker gene by infecting cells with a series of retroviral vectors schematically shown in Figure 2a . Human multidrug resistance gene-1 (mdr-1) or murine CD8 (mCD8) cDNA were used as markers. Cells transduced by the mdr-1 vectors showed the reduction in Rh123 accumulation in HuH-7 and PLC/PRF/5 cells and SF-MDR vector mediated the highest efflux activity among these vectors (Figure 2b , upper panel). Cells transduced by SF/Lyt vector also showed the highest expression of a marker gene, mCD8, in both cell lines (Figure 2b, lower panel) . On the other hand, all the vectors mediated nearly the same levels of expression of mCD8 in other types of human liver tumor cell lines (Figure 2c ). These results were in accordance with the results obtained by transient CAT expression assays and clearly showed the high level of marker gene expression by the vector containing the SFFVp U3 in differentiated hepatocellular carcinoma cell lines in vitro.
It has been reported that the primer binding site (PBS) of MoMLV (PBS for tRNA Pro ) represses the retroviral transcription in ES cells. 9 Expression of mCD8 was compared in HuH-7 cells between the retroviral vectors, MO1/Lyt and MO3/Lyt, which were identical, except the leader sequences. 18 Leader sequences of MO1/Lyt contained the PBS of mouse embryonic stem cell virus (MESV) (PBS for tRNA Gln ), while that of MO3/Lyt contained the PBS of MoMLV (PBS for tRNA Pro ) (Figure 3a ). The expression of mCD8 transduced by the MO3/Lyt was lower than that by MO1/Lyt (Figure 3b ) and similar results were obtained in PLC/PRF/5 cells (data not shown). However, no remarkable difference was observed between those by both vectors in a combined hepatocholangiocarcinoma cell line, KMCH-1, 15 ( Figure  3b ). These results suggested that the PBS of MoMLV (the PBS for tRNA Pro ) represses retroviral transcription in hepatocytes, as well as hematopoietic progenitor cells 19 and spermatogenic cells. 17 The FMCF/MESV hybrid vector (FMEV) has been developed by the combination of the SFFVp U3 with the leader sequences from MESV. 19 SF/CAT and MO3/CAT vectors were constructed by inserting the CAT gene into the FMEV and MoMLV-based vectors, respectively (Figure 4a) . Expression of CAT was compared between pMO1N and pMO3N , 18, 20 
respectively. These plasmids were transfected into GP+envAm12 cells to obtain clones releasing the high-titer of virus vectors, MO1/Lyt and MO3/Lyt, respectively. Their proviral forms after genomic integration are schematically shown. (b) After the infection by these vectors, HuH-7 or KMCH-1 cells were selected in the presence of G418. The expression of mCD8 was analyzed on an Epics Elite flow cytometer after staining.
these vectors in murine hepatocytes in vivo. No significant difference was observed between the normalized proportions of genomic integration by both vectors in the murine livers (Figure 4b ). On the other hand, the concentration of CAT protein in the transduced liver (CAT value) by the SF/CAT vector was about five-fold higher than that by the MO3/CAT (Figure 4c ) and the CAT value normalized to the proportion of genomic integration (normalized CAT value) by the SF/CAT was at least four-fold higher than that by the MO3/CAT vector (Figure 4d) . In order to confirm that the transduced cells in the liver were hepatocytes, but not other types of cells, the liver was also transduced by the vector carrying the fusion gene of ␤-galactosidase gene (LacZ) and neomycin phosphotransferase (neo) (SF1L 20 ; Figure 4a ). Histochemical analysis of a transduced liver specimen clearly showed that the transduced cells in the liver were hepatocytes (Figure 4e ). These results demonstrated the high level of transgene expression by FMEV-type vectors in murine hepatocytes in vivo.
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High gene expression mediated by the FMEV vectors were observed in spermatogenic 17 
